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Abstract	Repeated	 and	 independent	 emergence	 of	 trait	 divergence	 that	matches	 habitat	differences	 is	 a	 sign	 of	 parallel	 evolution	 by	 natural	 selection.	 Yet,	 the	 molecular	underpinnings	 that	 are	 targeted	 by	 adaptive	 evolution	 often	 remain	 elusive.	 We	investigate	this	question	by	combining	genome-wide	analyses	of	copy	number	variants	(CNVs),	single	nucleotide	polymorphisms	(SNPs),	and	gene	expression	across	four	pairs	of	lake	and	river	populations	of	the	three-spined	stickleback	(Gasterosteus	aculeatus).	We	tested	whether	CNVs	that	span	entire	genes	and	SNPs	occurring	in	putative	cis-regulatory	regions	 contribute	 to	gene	expression	differences	between	sticklebacks	 from	 lake	and	river	 origins.	We	 found	135	 gene	 CNVs	 that	 showed	 a	 significant	 positive	 association	between	gene	copy	number	and	gene	expression,	suggesting	that	CNVs	result	in	dosage	effects	 that	 can	 fuel	 phenotypic	 variation	 and	 serve	 as	 substrates	 for	 habitat-specific	selection.	 Copy	 number	 differentiation	 between	 lake	 and	 river	 sticklebacks	 also	contributed	to	expression	differences	of	two	immune-related	genes	in	immune	tissues,	
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gene	 expression	 and	 in	 potentially	 facilitating	 repeated	 adaptation	 to	 novel	environments.	
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habitat-specific	selection	as	inferred	from	different	gene	copy	numbers	between	ecotypes	or	allele	frequency	differentiation	of	SNPs,	and	(3)	differential	gene	expression	between	ecotypes.	 These	 serve	 as	 three	 pillars	 of	 evidence	 that	 genetic	 changes	 contribute	 to	adaptive	 gene	 expression	 differences	 between	 ecotypes.	 In	 these	 ways,	 we	 identified	genetic	 variants	 that	 influence	 repeated	 differential	 expression	 between	 ecotypes,	putatively	contributing	to	habitat-specific	adaptation.			
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higher	expression	in	the	lake	fish	(PCT	=0.521).	The	consistent	differential	expression	in	the	two	German	population	pairs	was	accompanied	by	copy	number	differentiation.	This	gene	was	the	most	differentiated	gene	CNV	between	lake	and	river	sticklebacks	in	the	two	German	population	pairs	(VCT	of	0.96	in	G1	and	0.51	in	G2)	as	previously	reported	(Chain,	et	al.	2014),	but	not	differentiated	in	No	nor	Ca	(VCT	=0)	suggesting	that	the	two	German	population	pairs	drive	the	overall	habitat-specific	signal	(Figure	3e).	We	further	identified	
cathepsin	 A	 as	 a	 gene	 eCNV,	 meaning	 that	 the	 gene	 copy	 numbers	 were	 significantly	correlated	with	gene	expression	levels	across	individuals	(FDR<0.001	in	both	tissue	types,	Figure	3d).	To	investigate	whether	the	cathepsin	A	CNV	is	derived	from	standing	genetic	variation	 from	 an	 ancestral	 population,	 we	 searched	 for	 the	 presence	 of	 CNVs	 in	 an	adjacent	marine	population	from	the	North	Sea	(Feulner	et	al.	2012).	The	gene	cathepsin	
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(rho=0.166,	 p<0.001	 for	 spleen;	 rho=0.064,	 p=0.064	 for	 head	 kidney;	 one-sided	Spearman	rank	correlation).		
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Schwefel,	 et	 al.	 2010).	The	 increase	 in	GIMAP7	 copy	number	 is	 associated	with	higher	expression,	possibly	contributing	to	higher	 immune	competence	 in	 lake	 individuals,	as	the	parasite	pressure	is	more	intense	in	lake	habitats	(Scharsack,	et	al.	2007;	Eizaguirre,	et	al.	2011).	The	matching	habitat-specific	expression	patterns	of	cathepsin	A	and	GIMAP7	in	immune	tissues	add	to	previous	findings	that	CNVs	are	likely	an	important	source	of	genetic	 variation	 that	 can	 help	 shape	 the	 host	 innate	 and	 adaptive	 immune	 response	(Chain,	et	al.	2014;	Machado	and	Ottolini	2015).	Our	study	on	habitat-specific	expression	in	 immune	 tissues,	 which	 can	 potentially	 capture	 parasite-mediated	 selection,	 has	revealed	 two	 immune-related	 gene	 CNVs	 associated	 with	 expression	 differentiation,	whereas	other	CNVs	possibly	contribute	to	habitat-specific	adaptations	in	other	tissues	not	 sampled	 in	 our	 study.	 Previous	 investigation	 between	 marine	 and	 freshwater	sticklebacks	 identified	 24	 gene	 CNVs	 consistent	with	 parallel	 evolution,	 two	 of	which	were	also	 found	with	differential	 expression	between	photoperiod	 treatments	 (APOL2	and	ENSGACG00000003408, Hirase,	et	al.	2014).	These	two	genes	were	also	gene	CNVs	in	 our	 population	 system,	 with	 ENSGACG00000003408	 also	 marginally	 differentiated	between	our	lake	and	river	populations	(VCT	=	0.124,	FDR=0.053),	but	neither	gene	was	expressed	in	our	transcriptome	data.	In	addition	to	Hirase,	et	al.	(2014),	our	findings	of	two	gene	eCNVs	with	significant	VCT	and	PCT	highlight	an	important	role	of	gene	CNVs	in	adaptation	to	new	environments	in	sticklebacks.		eSNPs	in	cis	also	contribute	to	expression	variation	In	addition	to	CNVs	affecting	gene	expression,	a	total	of	1,865	genes	had	SNPs	in	
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	Figure	3.	Gene	dhrs13a	with	an	eSNP	with	significant	FCT	and	gene	eCNVs,	cathepsin	A	and	
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	Figure	 4.	Nucleotide	 diversity	 (𝝅)	 in	 the	 50kb	 flanking	 regions	of	 the	 three	 candidate	genes,	the	gene	dhrs13a	with	an	eSNP	(a)	and	two	eCNV	genes,	cathepsin	A	(b)	and	GIMAP7	(c).	In	(a)	the	gene	region	is	in	dark	grey	and	the	eSNP	denoted	by	a	black	vertical	line.	In	(b)	and	(c)	the	gene	regions	are	in	dark	grey	and	the	CNV	regions	are	in	light	grey.	For	the	three	genes,	𝝅	was	calculated	for	each	population	separately.	For	dhrs13a	and	cathepsin	
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Tables	Table	1.	Genes	with	significant	differentiation	in	gene	copy	numbers	(VCT)	between	lake	and	river	ecotypes	Table	 2.	 Genes	 with	 significant	 differentiation	 in	 eSNPs	 (FCT)	 between	 lake	 and	 river	ecotypes		
Supplementary	Material	Figure	S1.	The	geographical	map	of	the	sampling	sites.	Adapted	from	Feulner	et	al.	2015.		Table	S1.	Accession	numbers	of	transcriptome	and	genome	samples.	Table	S2.	List	of	 gene	eCNVs	 showing	VCT	and	parameter	estimates	 from	 linear	mixed	effect	 models	 between	 gene	 copy	 number	 and	 gene	 expression	 (in	 two	 tissue	 types	separately).	Table	 S3.	 List	 of	 genes	 and	 the	 eSNPs	 showing	 associations	 between	 SNPs	 and	 gene	expression	(in	two	tissue	types	separately)	and	FCT	values.	Table	S4.	List	of	genes	with	significant	PCT	in	either	of	the	two	tissues.		Supplementary	Information.	R	scripts	for	eCNV	and	VCT	analyses.		
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Y.H.,	 F.J.J.C.,	 and	 P.G.D.F.	 designed	 the	 analyses.	 Y.H.	 performed	 the	 analyses,	 and	 all	authors	contributed	to	discussions	on	research	design	and	interpretation	of	the	results.	Y.H.	 drafted	 the	 manuscript	 together	 with	 F.J.J.C.	 and	 P.G.D.F.	 All	 authors	 revised	 the	manuscript.			
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Table 1. Genes with significant differentiation in gene copy numbers (VCT) between lake and river ecotypes 
Gene ID Gene	name	 GO	function	 Tissue	of	eCNV	 Higher copy number VCT	 PCT  Cellular	component	 Molecular	function	 Biological	process	  HK  SP 
ENSGACG00


















activity, acting on 









SP lake 0.257 -0.024 -0.019 
ENSGACG00
000012073 novel gene unknown SP lake 0.278 NA -0.021 
ENSGACG00


















unknown dUTP diphosphatase activity 
dUTP metabolic 

























transport HK lake 0.178 0.032 -0.001 
ENSGACG00










zinc ion binding; 
metal ion binding,  unknown both lake 0.215 0.186 0.136 
*: significant PCT           
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Table 2. Genes with significant differentiation in eSNPs (FCT) between lake and river ecotypes 
Gene ID Gene	name	 GO	function	 eSNP	 FCT PCT  Cellular	component	 Molecular	function	 Biological	process	 position	in	relation	to	TSS	
distance	to	TSS	(bp)	 Tissue	  HK  SP 
ENSGACG00
000000642 novel gene unknown 
up-





















x U5 tri-snRNP 
complex 









































































































integral unknown unknown 
down-













































ATP binding; ATPase 
activity; ATPase 







stream 2738  HK 0.206 -0.008 -0.002 
*: significant PCT            
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